Abstract While global climate change in polar regions is expected to cause significant warming, the annual cycle of light and dark will remain unchanged. Cultures of three species of Antarctic sea ice diatoms, Fragilariopsis cylindrus (Grunow) Krieger, Thalassiosira antarctica Comber and Entomoneis kjellmanii (P.T. Cleve) Poulin and Cardinal, were incubated in the dark and exposed to differing temperatures. Maximum dark survival times varied between 30 and 60 days. Photosynthetic parameters, photosynthetic efficiency (a), maximum quantum yield (Fv/ Fm), maximum relative electron transport rate (rETRmax) and non-photochemical quenching (NPQ), showed that dark exposure had a significant impact on photoacclimation. In contrast, elevated temperatures had a relatively minor impact on photosynthetic functioning during the dark exposure period but had a considerable impact on dark survival with minimal dark survival times reduced to only 7 days when exposed to 10°C. Recovery of maximum quantum yield of fluorescence (Fv/Fm) was not significantly impacted by temperature, species or dark exposure length. Recovery rates of Fv/Fm ranged from -5.06E-7 ± 2.71E-7 s -1 to 1.36E-5 ± 1.53E-5 s -1 for monthly experiments and from -9.63E-7 ± 7.71E-7 s -1 to 2.65E-5 ± 2.97E-5 s -1 for weekly experiments. NPQ recovery was greater and more consistent than Fv/Fm recovery, ranging between 5.74E-7 ± 8.11E-7 s -1 to 7.50E-3 ± 7.1E-4 s -1 . The concentration of chl-a and monosaccharides remained relatively constant in both experiments. These results suggest that there will probably be little effect on Antarctic microalgae with increasing water temperatures during the Antarctic winter.
Introduction
Sea ice is a defining structural feature of polar marine regions and varies on a number of temporal scales, ranging from hourly to inter-annually (Eicken 1992) . Abiotic variations within sea ice have a considerable impact on the spatial heterogeneity of sea ice zones. The temporal and spatial heterogeneity of sea ice combined with the seasonal alternation in incident solar radiation is a key determining factor in the amount of irradiance available for polar photoautotrophs (Lizotte 2001; Thomas and Dieckmann 2002; Knox 2006) . As a result, primary production and biomass in polar regions exhibit a marked seasonal pattern-with short periods of intense production in the summer followed by long periods of limited production.
In contrast to highly variable irradiance, sea-water temperatures are relatively stable with annual fluctuations rarely exceeding 3°C, and sometimes less than 0.5°C. The Antarctic marine environment is thus one of the most thermally stable on earth, and in all likelihood, it has been this way for the past 10 million years (Peck 2005) . Although there appears to be little evidence yet that the waters around Antarctica have warmed significantly, models predict that global water temperatures will rise on average by 2°C by 2100 (Peck 2005) . There has already been a marked warming on the western side of the Antarctic Peninsula, with the observed increase being as large as any yet seen globally (Turner et al. 2005) . Following the long period of sea-water temperature stability, it is possible that even a small change in temperature could have a significant impact on photosynthetic organisms such as sea ice algae, phytoplankton, benthic microalgae and macroalgae. Although warming is likely to continue, the annual light and dark cycles will remain unchanged and polar organisms will have to spend the polar night at increasingly elevated temperatures. These changes are likely to impact photoautotrophic survival and primary productivity. Sea ice microbial communities, which can have a biomass over 300 mg chl-a m -2 (Palmisano and Sullivan 1983; Trenerry et al. 2002) , currently play a pivotal role in Antarctic marine ecosystems, forming the energy base of the marine food web for up to 10 months of the year and providing an inoculum for spring algal blooms (Bunt and Lee 1972; Andreoli et al. 2000; Baldisserotto et al. 2005a) .
The photosynthetic apparatus of photoautotrophic organisms rapidly responds to environmental alterations through acclimatory processes involving a succession of morpho-physiological changes. These include modifications to the structural and functional organisation of the thylakoid membranes and variations in the relationship between the antennae and reaction centres of the photosystems (PS). Thylakoid structure and function are influenced by the relative proportion of light-harvesting pigments (i.e. chlorophylls and carotenoids), photosystem II (PSII) and photosystem I (PSI) reaction centres and antennae, electron carriers, and ATP synthetase (Demmig-Adams and Adams 1992; Baldisserotto et al. 2005a, b; Morgan-Kiss et al. 2006) . Plants respond to high, low or no light by making changes to their pigment composition, their photophysiology and by making structural changes to their chloroplasts (McConville 1985; Demmig-Adams and Adams 1992; Lüder et al. 2001 Lüder et al. , 2002 Baldisserotto et al. 2005a, b; Morgan-Kiss et al. 2006) . Both higher and lower light levels can affect the growth and survival of microalgae. High light can result in the reduction in photosynthetic efficiency and photosynthetic rates through photoinhibition. Processes such as fluorescence and non-photochemical quenching (NPQ) are able to reduce this photoinhibitive damage caused by excess energy absorption (Demmig-Adams and Adams 1992). Low or no light results in the reduction in photosynthetic rates, alterations in behaviour, metabolism and often the re-absorption of photosynthetic organelles and pigments.
Temperature impacts the physiology of photoautotrophic organisms through various effects on membranes, enzymes and metabolic functioning (Morgan-Kiss et al. 2006) . A major adaptation of metabolic function influencing growth and photosynthesis at low temperatures is the maintenance of membrane fluidity (Thomas and Dieckmann 2002; MorganKiss et al. 2006) . The majority of protein components associated with the photosynthetic apparatus are anchored in the photosynthetic membranes via specific lipid species, the galactolipids (Morgan- Kiss et al. 2006) . The light-dependent stage of photosynthesis predominantly occurs across membranes; thus, the efficiency of these reactions is significantly impacted by alterations in temperature (Morgan-Kiss et al. 2002 , 2006 Thomas and Dieckmann 2002) . Increasing temperatures will cause elevated chemical reaction rates, while a reduction in temperature will generally result in reduced reaction rates. Similarly, the rate of biochemical reactions associated with photosynthesis, such as carboxylation, is impacted by alterations in temperature (Davison 1991; Morgan-Kiss et al. 2006) . Altered light and temperature regimes are thus likely to influence both the photophysiological and physiological functioning.
However, the dark survival capacity of some phytoplankton species is considerable. Maximum survival times of up to 96 months have been reported for some diatom species and as much as 112 months for some dinoflagellate species (Antia and Cheng 1970; Antia 1976; Doucette and Fryxell 1983; Peters 1996; Peters and Thomas 1996) . Previous studies on dark survival have focussed on the effects on growth and structural alterations at the cellular level (Antia and Cheng 1970; Antia 1976; Peters and Thomas 1996; Baldisserotto et al. 2005a, b; Ferroni et al. 2007; Wulff et al. 2008) . These studies suggest that photosynthetic organisms survive winter by preferential degradation of the photosynthetic apparatus in concert with other survival mechanisms. Survival mechanisms range from stasis through resting cell and cyst formation, alteration in trophic mode, utilisation of stored reserves and reduced metabolic rates.
The aim of this study is to determine the impact of elevated temperatures on the dark survival of three species of diatoms from the Antarctic sea ice ecosystem, Fragilariopsis cylindrus (Grunow) Krieger, Thalassiosira antarctica Comber and Entomoneis kjellmanii.
Materials and methods

Experimental set-up
Axenic cultures of Fragilariopsis cylindrus, Thalassiosira antarctica and Entomoneis kjellmanii isolated from sea ice of the Mertz Glacier region of the Southern Ocean (Pankowski and McMinn 2009 ) are maintained in the Antarctic Culture Facility at the University of Tasmania. Batch cultures of each species were incubated in f2 media (Guillard 1975) under constant light conditions (41 ± 13 lmol photons m -2 s -1 ) at 2°C ± 0.5°C for approximately 2 weeks. Cultures were transferred into 25-ml scintillation vials for experimental manipulation during the log growth phase to ensure sufficient nutrients remained in the culture during transfer and maintenance in darkness. Then, 20 ml of each of the three cultures was transferred into the sterile scintillation vials, wrapped in aluminium foil and maintained in darkness at three different temperatures; -2°C ± 0.5°C, 4°C ± 0.5°C and 10°C ± 1°C. The -2°C incubation was maintained in a WiseCircu 20-L water bath (Daihan Scientific, Seoul, Korea) using a 12.5% water/methanol mix to lower the freezing point, and the 4 and 10°C incubations used Lauda refrigerated circulating water baths (Lauda, Lauda-Königshofen, Germany). Experimental manipulation was undertaken in darkness using a weak red illuminating light to limit exposure to light. Two experiments were run using different temporal sampling scales, monthly and weekly; the monthly sampling interval experiment was run first. Six vials from each species and temperature combination were removed and analysed at each measurement time (i.e. 54 vials for each sampling event); three for chl-a biomass and PAM analysis (same samples used) and three for carbohydrate analysis. The PAM analyses (non-destructive), which did not affect the chlorophyll analyses, were conducted immediately prior to the latter analyses on the same samples. No samples were reused on subsequent sampling events.
Fluorescence measurements
A WaterPAM (Walz GmbH, Effeltrich, Germany) was used for all pulse amplitude modulation (PAM) fluorescence measurements. PAM methodology followed Ralph and Gademann (2005) , and McMinn and Hattori (2006) . PAM fluorometers are able to measure maximum quantum yield (Fv/Fm) and relative electron transfer rate (rETR) of photosystem II (PSII) and to quantify levels of photochemical (PQ) and non-photochemical (NPQ) quenching. Using rapid light curves (RLC), it is also possible to measure the maximum relative electron transport rate (rETRmax), the photosynthetic efficiency (a) and the photoadaptive state (E k ). Measurements followed a preset RLC program controlled by WinControl software (Walz, Effeltrich, Germany) on a PAMControl unit (Walz, Effeltrich, Germany). Actinic light levels used were 0, 27, 38, 54, 82, 120, 186, 277 and 395 lmol photons m -2 s -1 and the exposure time at each actinic light level was 10 s. To determine photosynthetic efficiency (a) and rETRmax (Ralph and Gademann 2005) , the RLC data were fitted to the double exponential decay function of (Platt et al. 1980 ) using a Marquardt-Levenberg regression algorithm:
In the absence of photoinhibition (b = 0), the function becomes an asymptotic maximum rETR value (Jasby and Platt 1976) , and Eq. 1 can be simplified to:
where P is the rETR at a given irradiance, Ps is defined as the maximum potential rETR in the absence of photoinhibitory processes, Pm is the rETR at saturating light, a is the initial slope of the RLC before the onset of saturation, Ed is the downwelling irradiance (400-700 nm) and b characterises the slope of the RLC beyond the onset of photoinhibition . When the quantum yield of a sample fell to 0.1 following a treatment, it was considered to be inactive or dead and these cultures were then allowed to recover under low actinic light (PAM actinic light setting 1, 27 lmol photons m -2 s -1
) in a WaterPAM for 12 h with a saturation pulse every 30 min to measure Fv/Fm. Recovery rates of the three replicates were measured in temperature-controlled environments at the temperature of the incubations. The rate of recovery was determined using a non-linear regression to the function
where U t is the value of Fv/Fm at time t (s), U I is the initial value of Fv/Fm before recovery readings have commenced and U M is the maximum value of Fv/Fm at T = 0 or the beginning of the experiment. This calculation of r, the rate of recovery, follows Oliver et al. (2003) and assumes that the rate of recovery is dependent on the degree of damage (Kok 1956; Oliver et al. 2003; McMinn and Hattori 2006) .
Chlorophyll a concentration
Chlorophyll a measurement followed the acidification method (Holm-Hansen et al. 1965 ) on a 'Turner Designs' 10AU fluorometer (Turner Designs, Sunnyvale, USA). The triplicate chlorophyll samples were filtered from the scintillation vials (i.e. 20 ml filtered) onto 47-mm Advantec GF-75 filter (Toyo Roshi Kaisha, Ltd, Japan) under a low-pressure vacuum filtration unit, the filter paper was folded and wrapped in aluminium foil and stored in a laboratory freezer held at -80°C. Samples were extracted by adding 10 ml of 100% methanol to a centrifuge tube containing the filter paper. The samples were then allowed to extract for 24 h at 4°C in darkness. The fluorescence of the extract was then measured with the fluorometer and fluorescence readings converted to chl-a concentrations (Holm-Hansen and Riemann 1978) .
Monosaccharides analysis
Triplicate 20-ml samples were filtered onto 47-mm Whatman GF/F filters under gentle vacuum pressure (\200 mm Hg) and stored at -80°C until analysis. Filters were extracted with 50% methanol and 50% chloroform for 6 h and dried to ensure removal of contaminants. Each filter was Polar Biol (2011) 34:1019-1032 1021 subsequently sealed in a glass test tube with 10 ml of Milli-Q water and placed in a water bath for 1 h at 80°C. Following extraction, the tubes were cooled and then centrifuged for 5 min at 7159g (van Oijen 2004) . The concentration of water-extractable, dissolved monosaccharides was estimated using the 2,4,6-tri pyridyl-s-triazine (TPTZ) spectroscopic method developed by Myklestad et al. (1997) and modified by Hung and Santschi (2001) . Briefly, the extracted carbohydrates were subjected to an oxidation reaction at alkaline pH, during which Fe 3? is reduced to Fe 2? . The Fe 2? was then determined colorimetrically at 595 nm after condensation with the chromogen TPTZ to produce a violet-coloured Fe (TPTZ) 2 2? complex. The monosaccharide concentration was measured against a calibration curve made from D-glucose. Due to the high light sensitivity of the analytical reagents, reactions were carried out either in the dark or with red light (van Oijen 2004) .
Statistics
All parameters were tested for significance between T = 0 values and final values using a 3-way ANOVA in the statistical package R (version 2.11.1). End values in the monthly experiments were determined as the last point where all species could be compared, i.e. the last time at which all species were present. Significance was also tested for temperature impacts on final values of parameters for each species with 1-way ANOVA. Assumptions of ANOVA were achieved by standard checking for normality and homogeneity of variances by plotting diagnostic plots. Carbohydrate data from the experiments sampled at weekly intervals were analysed using general linear models in Systat (version 13) with temperature and time as independent variables. The monthly data were analysed using 1-way ANOVA with time as the independent variable, and the data were subsequently pooled prior to testing for a difference between temperature treatments for each species using 1-way ANOVA and a post hoc Tukey test. Throughout these experiments, n = 3 and significance was tested at P \ 0.05.
Results
Chlorophyll a concentration
Monthly Sampling: There was a rise in chl-a between d-0 and d-30 in F. cylindrus at all three temperatures with the greatest rise occurring at -2°C (Fig. 1a) . A similar rise was also observed in T. antarctica, although only in the 10°C and -2°C treatments. In the 4°C treatment, chl-a declined continuously throughout the experiment (Fig. 1b) . Chl-a of E. kjellmanii initially rose between d-0 and d-30 in both -2°C and 4°C treatments but then declined. Chl-a in the 10°C treatment declined (Fig. 1c) . There were significant differences between the beginning and the end values of chl-a across all temperature treatments and species (3-way ANOVA, see electronic supplementary material). Comparison of d-30 values using one-way ANOVAs showed significant differences between F. cylindrus and E. kjellmanii (P \ 0.05). Multiple comparisons suggest that the -2°C treatment of F. cylindrus was significantly different from the other temperature treatments, while the 10°C treatment of E. kjellmanii was significantly different from the two cooler treatments.
Weekly Sampling: Few clear trends in chl-a concentration were seen in any species in this experiment. Chl-a levels in F. cylindrus remained approximately constant with no temperature treatment showing any significant difference (Fig. 1d) . While there was a fall in the 4 and -2°C treatments of T. antarctica, there was a small rise in the 10°C treatment (Fig. 1e) . There was an increase in the chl-a concentration of the -2 and 4°C treatments of E. kjellmanii, but there was a decline in the 10°C treatment (Fig. 1f) . Comparing end values for each species and temperature treatment with a 3-way ANOVA showed that there were significant differences. In particular, end values of chl-a for F. cylindrus and T. antarctica were not significantly different. Only E. kjellmanii showed any significant difference between temperature treatments with multiple comparisons, suggesting that the 10°C treatment were significantly different from the -2 and 4°C treatments.
Maximum quantum yield
Monthly Sampling: Fv/Fm of F. cylindrus steadily decreased with time in all temperature treatments (Fig. 2a) . Fv/Fm in the 10 and -2°C treatments of T. antarctica dropped to 0.00 between d-0 and d-30 but in the 4°C treatment finished at 0.14 ( Fig. 2b) . Fv/Fm of the 4°C E. kjellmanii treatment increased to d-30, while the values of the two other temperature treatments declined (Fig. 2c) . There was a significant difference between the Fv/Fm values of the d-30 temperature treatments of F. cylindrus and E. kjellmanii. Multiple comparisons between all species at all temperatures showed that the 4 and 10°C temperatures treatments of F. cylindrus were significantly different. All temperature treatments of E. kjellmanii at d-30 were significantly different from each other. Differences between beginning and end values across all species and temperature treatments were also significant.
Weekly Sampling: Fv/Fm values of all species and with one exception (E. kjellmanii at 4°C) at all temperatures fell throughout the experimental period ( Fig. 2d-f) . In F. cylindrus, Fv/Fm values fell to 0.00 by the end of the experiment at all temperatures. The 10°C treatment declined most rapidly, followed by 4 and -2°C (Fig. 2d ).
T. antarctica had a similar response to F. cylindrus, although there was an initial increase in the -2°C treatment (Fig. 2e) . While the Fv/Fm values of the 10 and -2°C treatments of E. kjellmanii declined during the course of the experiment (Fig. 2F) , the 4°C treatment rose to above 0.60. A 3-way ANOVA examining the beginning and end values of Fv/Fm across all species and temperature treatments found all the terms were significant. One-way ANOVAs showed that only the final Fv/Fm values of the E. kjellmanii temperature treatments were significantly different from each other.
Relative ETRmax
Monthly Sampling: F. cylindrus and T. antarctica showed similar trends. In both, there was a rapid decline to d-30 in both the 10 and -2°C treatments, while in the 4°C treatment, there was a smaller decline (Fig. 3a, b ). E. kjellmanii had a similar decline in the 10 and -2°C treatments (Fig. 3c) but the 4°C treatment initially declined at a slower rate. At d-30, only E. kjellmanii showed significant differences between any of the temperature treatments with the 10°C treatment being significantly different to the -2°C treatment. There was no significant difference between the 4 and -2°C treatments.
Weekly Sampling: The rETRmax of all three species declined throughout the experiment (Fig. 3 d-f) . T. antarctica had the largest drop in rETRmax (Fig. 3b) . During the 10°C treatment, rETRmax dropped from 14.01 ± 1.38 to 0.71 ± 0.42 after only seven days, while in the other two treatment temperatures, it exhibited a more gradual decline. F. cylindrus had a more gradual decline with similar values throughout the experiment for all three temperatures (Fig. 3d) . A similar pattern was seen in E. kjellmanii with similar reductions in rETRmax in the -2 and 10°C treatments. In the 4°C treatment, however, rETRmax remained steady throughout the entire experiment. There were significant differences between the beginning and the end values of rETRmax across all temperature treatments and species (3-way ANOVA). However, only the rETRmax values of the E. kjellmanii treatments were significantly different from other final values.
Maximum NPQ
Monthly Sampling: Similar responses were observed in all species. The NPQ of all species at all temperatures fell by d-60. The 10°C treatment of all species fell sharply in the first 30 days (Fig. 4a-c . The greatest differentiation between temperature treatments occurred in F. cylindrus ( Fig. 4a) with much greater values of maximum NPQ at 4°C than in the -2 or 10°C treatments. There were significant differences between the beginning and the end values of maximum NPQ across all temperature treatments and species (3-way ANOVA). Analysis of end values for single species maximum NPQ for experiment 2 (1-way ANOVA) yielded significant differences for F. cylindrus and E. kjellmanii. The 4°C treatment of F. cylindrus and the -2°C treatment of E. kjellmanii were significantly different from the other temperature treatments.
Weekly Sampling: Maximal values of NPQ were consistently higher in the -2°C treatment than in the other temperature treatments (Fig. 4d-f ). There was a sharp and immediate drop in maximum NPQ of all species in the 10°C treatment. The maximum NPQ values of the two cooler temperature treatments declined later, first in the 4°C treatment after d-14 and then in the -2°C treatment, after d-21. End of experiment maximum NPQ values were only significantly different for E. kjellmanii with Tukey's pairwise contrasts suggesting only the 4°C treatment significantly differed from the other treatments.
Recovery
Maximum quantum yield: The recovery rates of Fv/Fm after dark exposure in the monthly sampling experiment Fig. 2 Mean maximum quantum yield (Fv/Fm) for all species, temperature treatments and experiments (n = 3), errors are standard deviations did not differ significantly with temperature or species. However, F. cylindrus grown at 10°C had the fastest recovery rate (1.36E-5 ± 1.53E-5) with the other treatment temperatures of this species failing to recover. The fastest recovery rate of T. antarctica was at -2°C (1.22E-6 ± 2.82E-6) with the 4 and 10°C treatments recovering at marginally slower rates, 7.38E-7 ± 2.06E-7 and 5.16E-7 ± 5.4E-8, respectively. E. kjellmanii had its slowest recovery rate at -2°C (3.92E-7 ± 2.71E-7) with 4 and 10°C treatments having considerably higher recovery rates (4°C: 1.33E-5 ± 6.54E-7; 10°C: 3.21E-6 ± 1.2E-8). With the exception of T. antarctica at -2°C, all species and temperature treatments recovered from the 30-day dark incubation.
NPQ Recovery: NPQ recovered at a faster rate and to a greater extent than Fv/Fm. E. kjellmanii had a faster rate of recovery than either T. antarctica or F. cylindrus across all temperature treatments with recovery rates ranging between 3.79E-4 and 7.59E-3. F. cylindrus had the lowest recovery rate, 9.69E-6. There was an order of magnitude difference between E. kjellmanii and T. antarctica NPQ recovery rates. Similarly, NPQ recovery rates of T. antarctica were an order of magnitude greater than F. cylindrus.
Carbohydrates
Monthly Sampling: The concentration of water-extractable monosaccharides remained relatively constant during the course of the experiment (*3.0 lmol C l -1 ), and there were no significant differences with respect to incubation period (P [ 0.05 for each species, Fig. 5a-c) . For T. antarctica and F. cylindrus, there was no difference between incubation temperatures, but for E. kjellmanii, the concentration of monosaccharides was higher after 30 days at 4°C compared to either the 10°C (P = 0.032, Tukey post The maximum concentration of water-extractable monosaccharides was recorded on d-0 for T. antarctica and E. kjellmanii, and this was correlated with the highest concentration of chl-a ( Fig. 5d-f) . The monosaccharide content of F. cylindrus and T. antarctica varied between 2.75 ± 0.25 and 1.23 ± 0.12 lmol C l -1 and 3.02 ± 0.13 and 1.5 ± 0.71 lmol C l -1 , respectively, over the course of the experiment, but there was no significant difference between time points or variation among temperature treatments. For E. kjellmanii, the concentration of monosaccharides decreased significantly from 10.88 ± 1.77 lmol C l -1 on d-0 to \ 6.0 lmol C l -1 on d-7 for each temperature, but the subsequent measurements for each temperature treatment on days 14, 21 and 28 were not significantly different (P [ 0.05). Incubation temperature had a marginal effect on the size of the carbohydrate pool, and the concentration of dissolved monosaccharides was somewhat higher at -2°C compared to either the 4 or 10°C treatments (P = 0.06).
Discussion
The term 'darkness-survival' was first used by Antia (1976) to define the retention of viability in algae without growth during exposure to darkness. Antia (1976) progressively prolonged the period of incubation of microalgal cultures by weekly increments until algal viability was completely lost. Viability retention was determined by placing the dark-exposed cultures into continuous light at 20°C and observing the resumption or failure of autotrophic growth. A similar procedure was followed by Peters (1996) and Peters and Thomas (1996) where viability was examined by exposing subsamples to the growth conditions that existed prior to dark exposure.
Considering the range of temperatures used in this study, it is perhaps surprising that a greater difference in survival and recovery rates between the cooler temperatures (-2 and 4°C) and the 10°C treatment was not apparent. A number of studies have reported that polar microalgal species are adapted to low temperatures with maximum photosynthetic rates between 4 and 7°C (Oeltjen et al. 2002; Mock and Hoch 2005) . Several species also exhibit Fig. 4 Mean maximum NPQ for all species, temperatures and experiments (n = 3), errors are standard deviations maximum rates at around 10°C (Kottmeier and Sullivan 1988; Fiala and Oriol 1990) . However, some polar species exhibit significant suppression of metabolic activity at low temperatures and many only exhibit temperature limitation above 5°C (Palmisano and Sullivan 1982; Palmisano et al. 1985) . Thus, the range of temperatures used in the incubations here may not be outside their physiological acclimation limits.
This study found that an Fv/Fm value of less than 0.1 generally indicated inactivity and lack of cell viability as cultures were unable to recover. Consequently, maximum survival times were estimated from the time at which cells at any given temperature treatment fell to an Fv/Fm value of less than 0.1. If the cultures had an Fv/Fm value greater than 0.1 at the end of the experiment, only a minimum survival time could be determined. In the current study, maximum survival times of 60 days were observed for the psychrophile F. cylindrus at both -2 and 4°C while a maximum value of only 7 days was observed at 10°C. T. antarctica had minimum survival times of 90 days at both cooler temperatures but a maximum survival time of only 7 days at 10°C. Peters and Thomas (1996) reported maximum survival times for T. antarctica to be[200 days, but these values were for the resting stages of T. antarctica, while the values reported here are for T. antarctica as vegetative cells. The concentration of chl-a levels remained approximately constant throughout both experiments, although in some instances levels increased during initial dark exposure. This rise in pigment content during the early period of darkness has been widely observed in both microalgae and macroalgae (Peters 1996; Peters and Thomas 1996; Botsford et al. 1997; Lüder et al. 2001 Lüder et al. , 2002 and allows cells to optimise light-harvesting capacity under reduced light (Lizotte and Sullivan 1992; Falkowski and Raven 2007) . A major requirement to survive prolonged dark periods is the maintenance of the photosynthetic apparatus, which is vital for efficient photosynthesis on return to favourable light levels (Peters 1996; Peters and Thomas 1996; Botsford et al. 1997) . Importantly, a reduction in chl-a might infer degradation of PSII and PSI reaction centres (Lüder et al. 2002) , which was the trend observed in both experiments. It is also possible that cell division in the dark occurred but as cell counts were not undertaken, it is not possible to clarify this possibility with any certainty.
In this study, Fv/Fm was used as an indicator of inactive/'dead' cultures. Fv/Fm provides a robust and easily measured parameter indicating photosynthetic health (Cullen and Davis 2003; Franklin et al. 2009 Their results indicated that an Fv/Fm value of 0.1 equates to a 15% efficiency of PSII, which can be modelled to imply that more than 90% of cells would be photosynthetically non-functional. Rates of recovery here suggest that an Fv/ Fm value of 0.1 and below is a valid indication of nonviable cultures. In the majority of cases, only those cultures that had an Fv/Fm of above 0.1 at the beginning of the recovery period showed any significant recovery of Fv/Fm to values indicating a healthy photosynthetic response at the end.
Initial values of Fv/Fm observed at the beginning of the experiments ranged from apparently healthy values of 0.45 ± 0.02 for E. kjellmanii (monthly sampling) down to 0.19 ± 0.01 for F. cylindrus (weekly sampling). In the current study, stock cultures of each culture were established at the same time and simultaneously transferred to vials for experimentation. While cultures were allowed to increase in biomass under the same temperature and light conditions, their differing growth rates meant that they were at different stages of their growth cycle and Fv/Fm values were thus not optimised. Starting some experiments with cultures having lower Fv/Fm values was not ideal and probably explains some of the variable response of Fv/Fm between species observed during these experiments. It is also important to consider the role of dead cells in cultures, though, as Franklin et al. (2009) showed, non-functional cells have surprisingly little effect on Fv/Fm. Conversely, high values of Fv/Fm cannot be used alone as evidence of low mortality in cultures. In the monthly experiment, there was a significant reduction in Fv/Fm throughout the period of dark exposure, regardless of temperature. In both experiments, Fv/Fm of the 10°C treatment dropped quickly to minimal values, while the values of the two cooler temperature treatments remained higher. It is difficult to determine whether the -2 or 4°C treatments performed best as the response varied both between experiments and between species. Sometimes the -2°treatment had the highest Fv/Fm value, while at other times the 4°C treatment of the same species was higher. F. cylindrus appeared to have the least tolerance to dark incubation with near 0.0 values at the end of each temperature treatment in each experiment. Results of the weekly interval experiment suggest that the fall in Fv/Fm observed in the 10°C treatment over 1 month could in fact be an artefact of the sampling interval, as when sampling occurred weekly, the reduction in Fv/Fm occurred during the first 7-21 days of the experiment. Wulff et al. (2008) studied the impact of re-exposure to dark-exposed benthic diatoms and observed no impact on Fv/Fm after 15 days, while Fv/Fm values were reduced by close to half their initial values after 64 days of dark exposure (Wulff et al. 2008) . When the macroalgae Palmaria decipiens was exposed to darkness for 6 months to simulate an Antarctic winter, Fv/Fm remained robust during the first 2 months and only diminished significantly after 3-6 months, when it fell to as low as 0.1 (Lüder et al. 2002) . These authors also modelled the alteration of light throughout the year and so observed differences that may also be partly due to the effects of acclimation to altering light conditions and which might play a vital role in the capacity for dark survival. Following dark exposure, Lüder et al. (2002) also slowly re-illuminated dark-incubated P. decipiens over a month, whereas in this current study, we used a short recovery process to examine the result of re-illumination.
Recovery of Fv/Fm following dark exposure showed no consistent patterns with respect to species, temperature or time. However, we suggest that there may be a threshold Fv/Fm value below which Antarctica microalgae cannot recover from, or at least not in the observed time period. In most cases, only those cultures that had an Fv/Fm value of above 0.1 at the beginning of the recovery period showed any significant recovery of Fv/Fm to values indicating a healthy photosynthetic response. Recovery was highly variable with some species showing no or negative recovery rates, i.e. further reductions in Fv/Fm, regardless of re-exposure to light. Previously, this recovery approach has mostly been used to examine recovery from photoinhibition due to vertical mixing processes, exposure to UV radiation and time of day (Oliver et al. 2003; McMinn and Hattori 2006) . Unlike McMinn and Hattori (2006) , who used the preset recovery procedure in the WaterPAM, our recovery period was significantly longer (WaterPAM recovery period 10 min while our recovery period was 12 h). Furthermore, both Oliver et al. (2003) and McMinn and Hattori (2006) used this recovery model to describe recovery from photoinhibition, while this study used it to model recovery from dark exposure. Interestingly, our recovery rates are lower than those reported by McMinn and Hattori (2006) (2.2E-4 to 2.8E-2 s -1 ) for sea ice algae from the Okhotsk Sea and by Oliver et al. (2003) (4.3E-4 to 9.1E-1 s -1 ) for freshwater phytoplankton from temperate Australia but it is likely that quite different physiological processes affect recovery from long-term dark exposure and that they operate on quite different timescales.
There was a rapid decline in rETRmax values in all species and temperature treatments in both experiments. In all treatments, the greatest decline and lowest values of rETRmax occurred in the 10°C treatments. Furthermore, results from the weekly time interval experiment suggest that the decline mostly occurred in the first 1-2 weeks of dark exposure. When significant differences were present between treatments, it was always between one or both of the cooler temperature treatments, -2°C and 4°C, and the 10°C treatment. Wulff et al. (2008) also found that rETRmax of dark-exposed benthic diatoms dropped by over half of initial values following 64 days in darkness. Working with the macroalgae P. decipiens, Lüder et al. (2001) found that after a period of darkness replicating an Antarctic winter, rETRmax initially remained stable for the first 2 months but during the third month, it began to fall, dropping to values close to 0.0 by 6 months. The reduction in rETRmax was used to infer the onset of degradation of the photosynthetic apparatus. The photosynthetic process is one of the most thermo-sensitive functions in higher plants, although the response to temperature is thought to be dependent on the amount of light available (Gunnar 1983; Davison 1991; Oquist and Huner 2003) . Both and Meiners et al. (2009) have shown that rETRmax is temperature dependent with higher values at warmer temperatures and lower values at cooler temperatures. No studies have examined the impact of temperature on photosynthesis during dark exposure, and it appears that the warmer temperatures cause an exacerbated impact on the operation of the photosynthetic apparatus due to increased rates of degradation.
The non-photochemical quenching (NPQ) parameter describes the extent of non-photochemical dissipation of energy. The definition of NPQ assumes the presence of traps for non-radiative energy dissipation such as xanthophyll pigments in an antennae pigment matrix (Bilger and Björkman 1990; Schreiber 2004) . NPQ is induced by the formation of a proton gradient across the thylakoid membrane (DpH) and is associated with the operation of a xanthophyll cycle, which converts epoxidised to deepoxidised forms of xanthophylls (Lavaud 2007) . For NPQ to be operational after dark exposure, there must a significant level of xanthophyll cycle pigments retained in the dark-adapted cells. Throughout the current study, the 10°C treatment produced the lowest maximum NPQ values and the rates of decline following dark exposure were always fastest. There were mostly significant differences between the initial and final values and between the different temperature treatments of all species in both experiments, and the two cooler treatments, -2 and 4°C, mostly had higher values of maximum NPQ at the end of the dark incubation. Most change in NPQ occurred more rapidly than could be resolved in the monthly sampling interval, and in some cases, a significant peak in maximum NPQ occurred within the first 1-2 weeks of dark exposure. Many microalgal taxa, including sea ice algae, possess a fully functioning xanthophyll cycle that is capable of effective quenching even under low temperatures (Kudoh et al. 2003; Griffith et al. 2009 ). The current study suggests that warmer temperatures in the dark limit the capacity of microalgae to quench excess energy and thus avoid photosystem damage.
While Fv/Fm recovery results were generally mostly inconclusive, recovery rates of NPQ following dark exposure were significant. NPQ consistently recovered from dark exposure, which suggests that the xanthophyll cycle was not impacted by dark incubation. Interestingly, NPQ recovery rates appear to be species specific. Recovery rates of F. cylindrus (1.40E-5 ± 3.46E-6 s -1 to 5.38E-6 ± 3.46E-6 s -1 ) in the monthly sampling interval experiment were an order of magnitude lower than those of T. antarctica (1.24E-4 ± 8.10E-6 s -1 to 1.57E-4 ± 1.15E-4 s -1 ), which in turn were an order of magnitude lower than those of E. kjellmanii (3.53E-3 ± 4.46E-3 s -1 to 4.50E-3 ± 3.78E-3 s -1 ). This demonstrates that individual species are likely to show species-specific xanthophyll cycle parameters such as rate constants, extent and kinetics of de-epoxidation (Lavaud et al. 2004 ). This result was mirrored in a study of winter sea ice algae in McMurdo Sound by McMinn et al. (2010) . There, different species, under the same conditions, demonstrated dramatically different rates of both NPQ and rETR.
In addition to being a key structural component in the formation of cell membranes, carbohydrates provide an important source of stored energy and typically comprise 20-40% of the cellular dry weight in phytoplankton (Panagiotopoulos and Sempéré 2005) . Although the TPTZ method of carbohydrate analysis can separate intracellular mono-and polysaccharides, only the concentration of dissolved free monosaccharides that can be water-extracted from cells preserved on filters is reported here. Unlike the polysaccharide fraction of the carbohydrate pool, which can fluctuate in response to factors such as diurnal light variation (van Oijen et al. 2003; van Oijen 2004) or the availability of iron (van Oijen et al. 2005) , the concentration of water-extractable, the monosaccharide fraction of the carbohydrate pool generally remains stable in phytoplankton that are photosynthetically active. In diatoms, the storage carbohydrate is b-1,3-glucan, which is synthesised from the monosaccharides produced during photosynthesis enabling continued growth in the dark by providing energy and carbon skeletons for protein synthesis (Granum and Myklestad 1999; van Oijen et al. 2005; Alderkamp et al. 2007) . It is thus particularly interesting in the current study that a stable monosaccharide pool was maintained by each species in the absence of photosynthesis. Despite the significant decline in the photosynthetic parameters Fv/Fm, rETRmax and variation in the ability of the cells to recover when re-exposed to light, TPTZ analysis highlights the ability of Antarctic diatoms to limit the consumption of carbohydrates in the absence of photosynthesis. However, the relatively stable carbohydrate concentrations observed for each species in this study clearly warrants further investigation, particularly if the experimental period is extended and both the mono-and polysaccharide fractions of the carbohydrate pool are determined.
The standard errors and standard deviations in most of the measurements were comparatively large. Some of the variation is likely to result from the inhomogeneous nature of the original sample. The biomass in the samples was also relatively low, and this would have influenced the noise level in measuring the photosynthetic parameters with the PAM fluorometer. Addition replication would have been advantageous but limits were imposed by the time it took to process the 54 samples from each sampling event.
Our results demonstrate that there is little difference in survival and recovery rates for increases in temperature up to 4°C. Only at 10°C do changes in these rates become significantly lower. This suggests that forecast sea temperature increases of up to 2°by 2010 (Peck 2005) are unlikely to have a major impact on dark survival and recovery of Antarctic microalgae. Although these results are indicative, we only examined diatoms isolated from sea ice and so a greater taxonomic diversity would need to be examined before definitive conclusions could be reached on the response of the phytoplankton or benthic microalgae communities.
Summary
Based on our observations, many Antarctic diatom species have the ability to survive long periods in the dark and then recover. Survival appears to be largely independent of moderate increases (-2 to 4°C) in temperature and only at environmentally unrealistic temperatures increases (e.g. 10°C) do significant impacts appear. If these results are found to be similar in other species of microalgae, then it is possible that there will be little effect of increasing water temperatures on diatoms during the Antarctic winter.
